Introduction
The water pollution by arsenic has been a serious problem around the world. Its predominant source is inorganic arsenic species in natural environment. In addition, the organoarsenic species such as methyl and phenyl arsenic compounds can also be a pollution source, although organoarsenic compounds are thought to be less toxic than inorganic ones [1, 2] . For example, diphenylarsinic acid (DPAA) contamination in well water posed health hazards to the residents at Kamisu Town in Japan [3] . Such organoarsenic compounds are used as agrochemicals, pesticides, herbicides and so on [4, 5] . Furthermore, phenylarsenic species were considered as degradation products of chemical warfare agents used during the World Wars I and II [3] . After the World War II, such kind of chemical weapon-related agents were abandoned by Europe, China, Japan and other countries by dumping in the sea or by disposal in geosphere [6] , which can migrate afterwards in the environment. Hempel et al. suggested that phenylarsonic acid (PAA) may be transformed microbiologically in anoxic aquifers which indicate a natural attenuation potential [7] . Nakamiya degradation of DPAA to PAA in environment [8, 9] . These studies indicate that such anthropogenic organoarsenic compounds have a potential to be a secondary source of higher toxic inorganic arsenics. A number of studies on the migration of inorganic arsenic into groundwater in environment have been done because of the high attention of the arsenic pollution, [10] . However, several problems still remain unclear, especially for organoarsenic species. In its migration process, the strength of adsorption of arsenic onto minerals is an important factor to determine the distribution of arsenic between soil and water. Ferrihydrite is one of the most important iron-(oxyhydr)oxide mineral in natural systems due to its large surface area and characteristic as a strong absorbent of anionic species such as inorganic As in the environment [11] . Thus, ferrihydrite may control the migration of arsenic as its scavenger in soils. Therefore, it is important to extend the adsorption mechanisms of arsenic compounds on iron-(oxyhydr)oxides to organoarsenic species to understand their migration processes in soils. The extended X-ray absorption fine structure (EXAFS) analysis has been employed to obtain the information of the adsorption structures of inorganic arsenic compounds on several adsorbents [12] . However, there have been only a few studies on the adsorption structure of organoarsenic compounds, which are limited to those on nanocrystalline TiO 2 [13] , amorphous aluminum oxide [14] , and goethite [15] , whereas no study has been done on ferrihydrite.
This study focuses on the adsorption mechanism of PAA and DPAA as well as methylarsonic acid (MMA) and dimethylarsinic acid (DMA) on ferrihydrite. In addition, substitution effect on the arsenic-adsorption is also discussed. For the purpose, the EXAFS analysis for these organoarsenic species was conducted.
Materials and methods

Preparation of adsorption samples
Two-line ferrihydrite was synthesized in laboratory as described by Schwertmann and Cornell (2000) [16] . The mineralogy of the 2-line ferrihydrite was confirmed by powder X-ray diffraction. All arsenic solutions samples were prepared with MMA (CH 3 AsO(OH) 2 ; Wako), DMA ((CH 3 ) 2 AsO(OH); Tokyo Kasei), PAA (C 6 H 5 AsO(OH) 2 ; Wako) or DPAA ((C 6 H 5 ) 2 AsO(OH); Wako) diluted by MQ water. Adsorption samples for EXAFS were prepared using 5 mL solution and 10 mg ferrihydrite for MMA, DMA, PAA, and DPAA. The pH was adjusted by adding a HNO 3 or NaOH solution to pH 4 and 7, and the ionic strength was fixed at 0.10 M by NaNO 3 . The samples were shaken by a reciprocation shaker for 24 hours at 25°C and at 130 rpm, and then filtered by a cellulose membrane filter (0.45 μm).
XAFS measurement of organoarsenic compounds
The K-edge EXAFS spectra of MMA, DMA, PAA, and DPAA adsorbed on ferrihydrite were collected at beamline BL01B1 at SPring-8 (Hyogo, Japan) and BL-12C at Photon Factory (Tsukuba, Japan). A Si(111) double-crystal monochromator was used. Two Rh-coated mirrors placed at above and downstream of the monochromator were used for collimation and focusing of X-ray beam in SPring-8. Harmonic rejection was achieved by adjusting the glancing angle of these two mirrors. The K-edge EXAFS spectra for arsenic adsorbed on ferrihydrite were measured in fluorescence mode using a 19-element Germanium semiconductor detector, and the spectra of reference solution samples were measured in transmission mode. The X-ray energy was calibrated with a single peak at XANES region of KAsO 2 at 11865 eV. The measurement was carried out at room temperature under ambient air condition. EXAFS data were analyzed by REX2000 Version 2.5.9 (Rigaku Co. Ltd.). The Fourier transformation of the k 3 χ(k) EXAFS oscillation from k (Å -1 ) space to R (Å) space was performed in a range of 3.0 -13.0 Å to obtain a radial structural function (RSF) . Figures 1a and 1c show k 3 -weighted χ(k) spectra of As K-edge EXAFS for methyl substituted arsenic solutions and those adsorbed on ferrihydrite samples at pH 4 and 7. Deconvoluted spectra of adsorbed samples at pH 4 and their RSF were shown in Figures 1b and 1d . The structural parameters which were obtained by curve fitting are listed in Table 1 . The k 3 χ(k) spectra of the both MMA and DMA adsorption samples show the different shape from that of the solution (Figures 1a and 1c) , which clearly indicates that MMA and DMA adsorb on ferrihydrite as inner-sphere complexes at pH 4 and 7.
Results and discussion
In the RSF for MMA and DMA (Figures 1b and 1d) , the first shell is composed of As-O and As-C shells. The distances of As-O and As-C obtained by the fitting were 1.68 and 1.88 Å for MMA and 1.70 and 1.89 Å for DMA, respectively (Table 1) . These results are similar to previous EXAFS study for MMA and DMA adsorbed on TiO 2 by Jing et al. [13] and on goethite by Shimizu et al. [15] .
The As-Fe shells appear at around R + ΔR = 3.0 Å for adsorbed samples at pH 4 and 7 (Figure 1b  and 1d) , and the As-Fe distances and its coordination numbers (CNs) are 3.28 Å and 1.7 for MMA and 3.26 Å and 1.5 for DMA ( Table 1) , showing that the CN of DMA is smaller than that of MMA. The CN for arsenate onto ferrihydrite in EXAFS analysis was reported as ~ 2.0. This result suggests that arsenate forms bidentate inner-sphere complex with ferrihydrite [12] . Adamescu et al. reported that DFT calculations of DMA-iron-(oxyhydr)oxides model complexes for bidentate and monodentate structures show that the As-Fe distances for these are almost same (3.16-3.34 Å) [17] , and around 3.27 Å is in between these distances. It indicates that the adsorption samples can include these both structures. Thus, less than 2.0 of CN may indicate the existence of both bi-and mono-dentate structures. This suggestion is consistent with the results of ATR-FTIR study, which indicated that MMA and DMA were adsorbed on aluminum oxide [14] and iron-(oxyhydr)oxides [17] by both inner-(mono-/bi-dentate) and outer-sphere complexation.
Figures 2a and 2c show k 3 -weighted χ(k) spectra of As K-edge EXAFS for phenyl-substituted arsenic solutions and those adsorbed on ferrihydrite samples at pH 4 and 7 as well as deconvolution of the spectra for adsorbed samples at pH 4. Their RSF are also shown in Figures 2b and 2d . The structural parameters which were obtained by curve fitting are listed in Table 2 . The k 3 χ(k) spectra of the PAA and DPAA adsorption samples showed the shape different from that of the solution. This discrepancy clearly indicates that both PAA and DPAA also adsorb on ferrihydrite as inner-sphere complex at pH 4 and 7.
In the RSF for PAA and DPAA, the first shell is composed by oxygen and the nearest carbon atom of phenyl group (C 1 ) and corresponding As-O and As-C 1 distances obtained by the fitting are ca. 1.68 and 1.84 Å for PAA and 1.68 and 1.90 Å for DPAA, respectively (Table 2 ). These are similar distances to the case of methyl substituted compounds ( Table 1) .
The As-Fe shells appear around R + ΔR = 3.0 Å for adsorbed samples at pH 4 and 7. The fitting shows that the As-Fe distances and its CNs were around 3.24 Å and 1.5 for PAA, 3.25 Å and 1.4 for DPAA, respectively ( Table 2 ). The trend of CN is similar to the methyl-substitution case described above. The same factor may govern the adsorption structures of organoarsenic compounds onto ferrihydrite. Thus, the adsorption of these organoarsenic compounds can be dominated by the size of substituent. In other words, the steric hindrance between inter-molecules or molecule and OH functional groups on the surface may inhibit the formation of bidentate surface complex. The CNs of phenyl-substituted compounds are slightly smaller than those of methyl-substituted ones. This result may also support the importance of the steric hindrance, since the size of phenyl group is larger than that of methyl group.
Lafferty et al. reported that the adsorption amount of DMA on ferrihydrite was smaller than that of arsenate and MMA, i.e. the adsorption amount decrease by increasing the number of substitution [18] . It is consistent with the fact that the adsorption amount is smaller for the monodentate structures with smaller stability compared with arsenate, suggesting the relationship between the adsorption structure and adsorption amount. Thus, the results obtained in this study are helpful to understand the migration process of organoarsenic compounds. 
Conclusion
The adsorption structures of methyl-and phenyl-substituted arsenic compounds onto ferrihydrite were investigated by EXAFS analysis. The coordination number of As-Fe shell was smaller than 2, which indicates the existence of both bi-and mono-dentate inner-sphere complexes on ferrihydrite. This result is in contrast to corresponding CN of arsenate on ferrihydrite (= 2). It is possible that this decrease of CN is due to the steric hindrance by the presence of methyl-or phenyl-functional group. This effect may help us to predict the dependence of the mobility of organoarsenic compounds in the soil on the number of organic substituent.
